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Preparation of Cellulose Nanocrystals Using Highly
Recyclable Organic Acid Treated Softwood Pulp

Songlin Wang,>* Fei Wang,? Zongjia Song,? Xiaoming Song,? Xuxu Yang,* and Qian
Wang ?

Cellulose nanocrystals (CNC) were successfully obtained from softwood
pulp by p-toluenesulfonic acid (p-TsOH) hydrolysis under the treatment of
p-TsOH mass concentration of 60%, temperature of 70 °C, reaction time
of 4 h, and pulp to solution ratio of 1:20 (g / mL). Zeta potential and
dynamic light scattering (DLS), scanning electron microscopy (SEM), X-
ray diffraction (XRD), Fourier-transform infrared spectroscopy (FTIR), X-
ray photoelectron spectroscopy (XPS), and thermogravimetric analysis
(TGA) were used to characterize the physical-chemical properties of the
CNC. Under these conditions, the CNC exhibited good thermal stability in
the suspension with a high crystallinity index of 90.1%. The CNC had an
average diameter of 4.87 nm and average length 175.5 nm with no
undesired elemental contamination. The degradation temperature of the
CNC was relatively high at 310 °C. Moreover, p-TsOH was recovered by
crystallization technology, and the recovery rate was over 70%, providing
an environmentally friendly way for the development of biomass materials.
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INTRODUCTION

Cellulose is the most abundant renewable natural polymer resource, with an annual
production of 14 to 20 billion tons (Lima and Borsali 2004; Habibi et al. 2010). Cellulose
is widely distributed in higher plants, algae, fungi, bacteria, and some lower animals.
Regardless of the source, the structure of cellulose is shown in Fig. 1. The basic unit is the
D-pyranose-glucose group, which is a linear polymer linked by B-(1,4)-glycosidic bonds
(Brinchi et al. 2013). Compared with synthetic polymer materials, cellulose has advantages
of being renewable, degradable, non-toxic, and non-polluting. Cellulose is widely available
at a low cost and, therefore, is an indispensable resource for society.
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Fig. 1. Chemical structure of cellulose

Wang et al. (2019). “CNC prep. by organic acid,” BioResources 14(4), 9331-9351. 9331



PEER-REVIEWED ARTICLE b | oresources.com

The geometrical size and morphology of cellulose has different effects on its
utilization. In general, plant-derived nanocelluloses can be divided into two categories:
cellulose nanofibers (CNF) and cellulose nanocrystals (CNC). CNC, with a diameter of 5
to 20 nm and a length of several hundred nanometers, have many excellent properties such
as high surface area (Stelte and Sanadi 2009; Sandeep et al. 2014), high mechanical
strength and stiffness, high modulus, high crystallinity, biodegradability, and good
hydrophilicity. It can be used as a functional material in gels (Aulin et al. 2010; Dong et
al. 2013; Zhang et al. 2018), optoelectronics (Miettunen et al. 2014; Zu et al. 2016; Xing
et al. 2018), adsorbent materials (Fernandes et al. 2013; Lin and Dufresne 2014; Sol 2016;
Seabra et al. 2017), and medical materials (Carlsson et al. 2012; Liu et al. 2015; Karim et
al. 2016; Mishra et al. 2018). CNC can also be used as a nanofiller in film materials (Stelte
and Sanadi 2009; Belbekhouche et al. 2011; Herrera et al. 2014; Sandeep et al. 2014; Guo
et al. 2018) or as a reinforcing agent in composite materials (Samir et al. Dufresne 2005;
Choi and Simonsen 2006; Chang et al. 2010; Dufresne 2013; Oksman et al. 2016). In recent
years, the application of CNC has aroused widespread concern among researchers.

Most preparation methods for CNC include an acid hydrolysis method and an
enzymatic method (Teixeira et al. 2015), in which the sulfuric acid method (Coelho et al.
2018; Theivasanthi et al. 2018; Maciel et al. 2019) is the most widely used. Acid hydrolysis
releases a single crystallite by breaking the B-glycosidic bond of the amorphous region of
cellulose, while the crystalline region maintains its integrity, producing CNC with high
crystallinity of rod-like structure. The geometry of the CNC depends on the cellulose
source and the acid hydrolysis treatment. The cellulose hydrolyzed is used to obtain CNC,
and the hydroxyl groups on the cellulose surface is partially esterified to produce a
negatively charged sulfate group. This helps the CNC suspension to have good
dispersability (Tingaut et al. 2012). However, the sulfate group in the crystal reduces the
thermal stability of the nanocellulose (Roman and Winter 2004). In addition, sulfuric acid
is highly corrosive to equipment, and the recovery of sulfuric acid and the treatment of
sulfate is still a huge challenge. Moreover, the recovery of sulfuric acid and the treatment
of sulfate is still a great challenge. Compared with the inorganic acid hydrolysis method,
the organic acid hydrolysis method has milder reaction conditions, less corrosiveness to
equipment, relatively easier recovery of the organic acid, and environmentally friendly
character.

Dicarboxylic acids have been used to prepare CNC (Bian et al. 2017). Carboxylated
CNC has good thermal stability and solves the problem of acid recovery. However, as an
organic acid, maleic acid is weak in acidity and insufficient degradation of cellulose results
in low yield. The endoglucanase/B-glucosidase has the function of catalyzing the -
glycosidic bond of the amorphous region of cellulose to promote hydrolysis, and it can
advantageously adjust the size of the CNC, which the reaction treatment was mild and can
protect the cellulose from severe degradation. But since CNC obtained by enzymatic
hydrolysis process does not have a surface negative charge, this results in poor stability of
the suspension and longer enzymatic reaction time. Chen et al. (2016) used four organic
acids (oxalic acid, maleic acid, p-toluenesulfonic acid, benzenesulfonic acid) to prepare
CNC (Chen et al. 2016), but the relevant content of p-toluenesulfonic acid (p-TsOH) was
very small. In this study, the preparation of CNC from p-toluenesulfonic acid was
considered in depth.

p-TsOH can be used for delignification and efficiently recovered by crystallization
technology (Bian et al. 2017; Chen et al. 2017). Research on preparing CNC by hydrolysis
with p-TsOH is very rare. In this study, CNC was successfully prepared by hydrolysis of a
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strong organic acid p-TsOH. Cellulose nanocrystals are characterized by DLS and zeta
potentials, Zeta potential and dynamic light scattering (DLS), scanning electron
microscopy (SEM), X-ray diffraction (XRD), Fourier-transform infrared spectroscopy
(FTIR), X-ray photoelectron spectroscopy (XPS), and thermogravimetric analysis (TGA)
to evaluate the physicochemical properties of CNC. The relatively low water solubility of
p-TsOH, can be efficiently recovered by cooling the concentrated spent acid solution using
crystallization technology.

EXPERIMENTAL

Materials

The p-TsOH was purchased from Tianjin Damao Chemical Reagent Factory
(Tianjin, China), which was analytical grade and no further purification was required. The
pulp board that was prepared from softwood was provided free of charge by Shandong
Chenming Paper Group Co., Ltd. (Shandong, China).

Methods
Preparation of CNC

A scheme for the preparation of CNC is shown in Fig. 2. The p-TsOH solution of
desired mass concentration (50% to 80%) was prepared by adding the required amounts of
p-TsOH and 50 mL deionized water into a 150 mL flask. One hundred mL of acid solution
and 5 g (oven-dry weight) of pulverized pulp (the solid-liquid ratio used in all treatments
was 1:20 (g / mL) was heated in a three-necked flask to 70 °C and was treated for 4 h with
continuous stirring at 200 rpm.

Reaction
1
Pulp Board Crushiod p-TsOH Solution /
=) = VAN
| L2 |
CNCs solid CNCs suspension
Freeze drying [P -

. crystallization
,

Recovery

CNCs suspension containing spent acid

spent acid

Fig. 2. A schematic process flow diagram illustrating the preparation of CNC by catalytic
hydrolysis of p-TsOH
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The reaction was stopped by adding 100 mL of deionized water (25 °C) into the
flask. The sample obtained by acid hydrolysis was repeatedly washed by centrifugation
(4000 rpm, 10 minutes) to remove the spent acid until the suspension was neutral. Then
centrifugation was continued to separate the CNC (supernatant) from the hydrolyzed
macromolecular cellulose (precipitation). The obtained suspension of CNC was freeze-
dried to obtain a solid of CNC.

Recovery of p-toluenesulfonic acid

The spent acid was recovered by crystallization. The spent acid was concentrated
using a rotary evaporator (RE-52CS, Shanghai, China) under the conditions of a vacuum
of -0.1 MPa and a temperature of 50 °C. The concentrated spent acid solution was
transferred to a beaker and cooled at a rate of 1 °C/min. The crystal began to precipitate
when the temperature reached 19.4 °C. It was allowed to stand at this temperature for a
period of time until the crystallization process had been completed. The precipitated
crystals were separated from the spent acid solution by vacuum filtration, and the crystal
mass was weighed to calculate the recovery of p-TsOH.

Characterization
Dynamically scattered light (DLS) and zeta potential

The CNC suspension was further dispersed by ultrasonic treatment and placed in
an equipped colorimetric cuvette. The size and zeta potential of the CNC was measured
using a particle size analyzer (Malvern Zetasizer Nano series, Malvern, UK). The
measuring parameters are set on the computer, in which the material is protein, the
dispersing medium is water, and the equilibrium time is 120 s. The sample was cycled 3
times at 25 °C to obtain the average size and zeta potential of the sample.

Scanning electron microscope (SEM)

The cellulose of the pulp board and the obtained CNC image was observed and
recorded using a scanning electron microscope (SEM) (JSM-6380, Jeol, Beijing, China) in
order to analyze the morphology. All SEM samples mounted on a conductive aluminum
plate were sputter coated with gold (Hitachi E-1010 lon Sputtering System, Tokyo, Japan)
for 90 s to provide sufficient conductivity under vacuum. At a current intensity of 1 to 2
mA and an accelerating voltage of 8 kV, the sample was imaged at a magnification of
140000.

Transmission electron microscope (TEM)

Ten pL of the CNC suspension was deposited on a discharged carbon coated
transmission electron microscope (TEM) grid, and excess liquid was absorbed using filter
paper after 2 min. The sample was stained with 2% phosphotungstic acid solution; then
excess dye solution was removed using filter paper. The sample was dried at room
temperature and observed using a transmission electron microscope (JEM-2100PLUS,
Japan JEOL Company, Beijing, China) at an acceleration voltage of 200 kV.

X-ray diffraction (XRD)

Diffraction patterns of all the samples was obtained by an X-ray diffractometer
(D/max-2500; Japan Science Co., Shanghai, China), operating at 40 kV, 30 mA, and CuKa
radiation (I = 0.154 nm). The sample was ground into a powder and spread on a sample
plate, then gently pressed with a cover glass to scan the sample from 5° to 60° (26) at a rate
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of 5°/min. The interplanar spacing of cellulose was calculated according to the Bragg's
Law, and crystallinity index (Crl) was calculated according to Segal's empirical method
(Segal et al. 1959),

2d sin8 =nl (1)
where d is the interplanar spacing, @ is the Bragg angle, and 4 is the X-ray wavelength.
Crl = le2Zlam 10 )

002

In Eq. 2, loo2 is the maximum intensity of diffraction of the lattice peak 20 = 22° to 23°,
and lam is the minimum intensity of diffraction of the lattice peak at 26 between 18° and
19°.

Fourier transform infrared spectroscopy (FTIR)

The lyophilized CNC was analyzed for its chemical structure by Fourier transform
infrared spectroscopy (FTIR) (VECTOR22; Germany Brooke Co., Ettlingen, Germany).
Two mg of each sample was ground into a powder, and spectra were obtained at a
resolution of 4 cm™ in the range of 4000 to 450 cm™ and averaged from 8 scans in
transmission mode.

X-ray photoelectron spectroscopy (XPS)

The surface chemical changes of the CNC were analyzed by X-ray photoelectron
spectroscopy (XPS) (ESCALAB Xi+ spectrometer, Thermo Fisher Scientific, Shanghai,
China), in which the aluminum anode was operated at 150 W, and a high-resolution
spectrum was obtained by energy using a 0.1 eV step and a 50 eV analyzer to obtain a
binding spectrum of carbon and oxygen.

Thermogravimetric Analysis (TGA)

The thermal stability of pulp fibrils and cellulose nanocrystals was analyzed by
thermogravimetric analyzers (TAQ-500; Shimadzu Co., Kyoto, Japan). All samples were
heated from 25 °C to 800 °C at a rate of 10 °C/min under a nitrogen atmosphere (30
mL/min).

RESULTS AND DISCUSSION

Cellulose nanocrystals were successfully obtained by hydrolysis of p-TsOH under
different concentrations, temperatures, and times. The yield of CNC and the content of
degradation products in the spent acid were determined. To facilitate discussion, PxTytz
indicated a mass concentration of x %, a reaction temperature of y °C, and a reaction time
of z hours. As shown in Table 1, the yield of the CNC gradually increased as the
concentration and/or temperature and/or time increases. This indicates that in the case of
relatively harsh reaction conditions, the cellulose chain was sheared to a small size, and the
degradation of cellulose was also aggravated. The yield of CNC under the treatment of
P60T70t7 was the largest. Bian et al. (2017) used a dicarboxylic acid to produce
nanocellulose. The yield was low at only a few percent, since maleic acid is a weak acid
and incapable of sufficiently depolymerizing chemical pulp fibers. However, the p-TsOH
used in this article is a strong acid which can fully depolymerize cellulose.
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Table 1. Yield of CNC and Content of Degradation Products under Different
Treatment

Yield (%) Average Zeta (mV) Furfural (mg/mL)
P50T50t4 5.21 -11.8 0.5281
P50T70t4 9.86 -13.3 1.583
P60T70t4 15.81 -26.5 5.231
P70T70t4 16.40 -21.5 5.367
P80T70t4 16.97 -18.0 6.130
P60T70t2 9.32 -18.5 2.753
P60T70t3 10.79 -20.4 5.766
P60T70t5 21.5 -17.3 5.890
P60T70t6 35.3 -20.0 7.409
P60T70t7 40.1 -17.5 13.859
P60T50t4 8.05 -19.4 3.3347
P60T60t4 9.13 -21.2 4.252
P60T80t4 16.42 -13.1 6.982

Note: For convenience of expression, PxTytz indicated a mass concentration of x %, a reaction
temperature of y °C, and a reaction time of z hours.

Different hydrolysis treatments exhibit different colours in CNC suspensions. The
color arises because conjugated unsaturated structure carbonyl groups are produced, and
these are chromophores (Yatagai and Zeronian 1994; Lojewska et al. 2007). The color of
CNC gradually deepened as the concentration and time increased, as shown in Fig. 3. The
change of color indicates that the degradation of cellulose is aggravated (Heggset et al.
2017; Coelho et al. 2018). After termination of the reaction, the color of the product was
as shown in Fig. 3(a). Under milder hydrolysis treatments, the pale-yellow material of the
product can be removed by sonication and multiple centrifugation cycles to obtain a bluish
colloidal suspension. Cellulose was degraded to produce substances such as furfural.
Furfural in the spent acid can be quantified by a UV spectrophotometer (TU-1810, Beijing
General Instruments Co., Ltd. Beijing, China) with wavelengths of 284 nm (furfural). As
shown in Table 1, the content of furfural in the spent acid was under more severe reaction
conditions, indicating increased degradation of cellulose. As shown in Fig. 3(b), the color
of the CNC suspension darkened, so the reaction temperature, concentration, and time
should be controlled to prevent excessive degradation. Moreover, the spent acid was
recovered by crystallization technology, and the recovery rate reached 71.8%.

Fig. 3. CNC prepared under different hydrolysis conditions (where 1 is P50T50t4, 2 is P60T70t4,
3is P70T70t4, 4 is P60T70t7)
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As shown in Fig. 3(c), noticeable stratification occurred in suspension of P50T50t4
after about 40 days, while weak stratification occurred in suspension of P60T70t4,
P70T70t4, and P60T70t7. This phenomenon can be further explained by the zeta potential
(0). For systems with negative power, the stability of the system is better under a larger
value of . As shown in Table 1, the zeta potential of CNC ranged from -26.5 mV to -11.8
mV. P60T70t4 had the largest absolute value of zeta potential, and the best stability of
CNC suspension. With a zeta potential above -25 mV, the suspension had good stability
(Mirhosseini et al. 2008; Pereira et al. 2014). The hydrolysis process described herein was
superior to the hydrochloric acid hydrolysis process in terms of suspension stability. The
zeta potential of hydrochloric acid was -16.9 mV to -12.2 mV (Yu et al. 2013). However,
compared with sulfuric acid and dicarboxylic acid hydrolysis, the suspension stability was
relatively poor. The average potential of CNC prepared by sulfuric acid hydrolysis was
above -40 mV, and the average potential of CNC obtained by hydrolysis of dicarboxylic
acid was -30.9 mV to -46.8 mV (Morais et al. 2013; Tian et al. 2016; Bian et al. 2017).

Morphologies of CNC (DLS, SEM, and TEM)

The morphologies of the CNC are important for its potential applications.
Therefore, DLS, SEM, and TEM analyses of CNC were carried out to obtain the particle
size distribution of CNC, and the microscopic morphology of CNC was observed. In Fig.
4, as the hydrolysis conditions became harsh, the particle size distribution of CNC moved
toward a small size, probably because the 3-glycosidic bond in cellulose broke and the long
molecular chains of cellulose became short, which demonstrates that cellulose hydrolysis
became more serious.
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—o— P50T70t4
—A— PT70T70t4
—w— P80T70t4
25 7 P60T70t2
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Fig. 4. Size distribution of CNC under different process conditions
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The shape of the CNC can be observed in Fig. 5(a,b). The rod-shaped and
interwoven network structure made the CNC more flexible and mechanically strong (Liu
et al. 2016). This was an important feature of CNC as a reinforcing agent in composite
materials (Xu et al. 2013). The CNC underwent self-aggregation and self-assembly during
the freeze-drying process, forming large-size cellulose by hydrogen bonding in the lateral
and longitudinal directions. Moreover, the use of SEM for inspection required a gold spray
operation, which also increased the size of the CNC. The resolution of the TEM is larger
than that of the SEM, and the measurement does not need to require the gold-plating
operation. It can better observe the true shape of the numerical control system and the size
distribution of the CNC measured from the TEM photograph.

100nm. ¥

Fig. 5. SEM photographs of CNC obtained under P60T70t4(a) and P70T70t4(b)

The TEM image is shown in Fig. 6. The approximate contour of the intertwined
CNC whiskers can be clearly seen, and the overlapped results in most CNC longitudinal
and lateral dimensions are difficult to measure. Some fiber bundles with clear ends and
lateral dimensions were selected for measurement.
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Fig. 6. TEM image and longitudinal and lateral size distribution of CNC prepared under different
hydrolysis conditions (where a is P60T70t4 and b is P60T70t7, whereas al, a2, b1, and b2 are
the length and height of the CNC, respectively.)
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The size and statistics of 120 sets of nanocellulose were measured here, and the size
of CNC was roughly estimated. In the histograms al and a2 (Fig. 6), the average length
and average diameter of the statistical CNC of P60T70t4 were 175.48 nm (range from 60
nm to 300 nm) and 4.87 nm (range was 5 + 4 nm), respectively, and the corresponding
average aspect ratio was 36.03 (range was 38 + 12). In the histograms bl and b2, the
average length and average diameter of the statistical CNC of P60T70t7 were 143.2 nm
(range from 60 nm to 200 nm) and 4.48 nm (range was 4.5 + 3.5 nm), respectively, and the
corresponding average aspect ratio was 31.96 (range was 30 = 11). The harsher hydrolysis
produced a shorter length of CNC, as previously noted (Elazzouzi-Hafraoui et al. 2008;
Martinez-Sanz and Lagaron 2011). Due to its small diameter and large aspect ratio, CNC
particles have been used in polymer nanocomposites to provide better mechanical
properties (Grunert and Winter 2000; Orts et al. 2005; Santos et al. 2016; Nadir and
Stephen 2017). And CNC particles having a large aspect ratio, when used as a nano-filler,
have shown superior enhancement of properties (Mounika and Ravindra 2015).

X-ray Diffraction (XRD)

Crystallinity is a major factor affecting the mechanical properties of materials. The
crystallinity of the CNC can be varied by controlling the temperature, time, and
concentration of the hydrolysis. The X-ray diffraction patterns of the CNC obtained under
different conditions are shown in Fig. 7. Strong diffraction peaks appeared at 14.8°, 16.3°,
and 22.5°, respectively, and weak diffraction peaks appeared at 34.3°, corresponding to
four crystal faces of 110, 110, 002 and 040, respectively (Yu et al. 2013; Theivasanthi et
al. 2018; Xing et al. 2018). The four crystal faces are characteristic peaks of typical natural
cellulose, indicating that acid hydrolysis did not alter the cellulose form. However, the
diffraction peak of the CNC controller deviated from the diffraction peak of the original
cellulose. The Bragg angle of the CNC controller was slightly smaller than the Bragg angle
of the material. According to the Bragg formula, 2d sin # = n/, the surface distance d of
the crystal unit of the CNC was increased. This phenomenon can be attributed to the change
in the size of the cellulose, resulting in different long-range compressive forces of the
crystal and the unit cell (French 2014; Coelho et al. 2018).

Generally, the larger the full width at half maximum of the diffraction peak is, the
smaller the size of the cellulose is (Yu et al. 2013; Xing et al. 2018). At 26 = 22.4°, the full
width at half maximum of the crystal diffraction peaks of P60T70t4, P70T70t4, and
P60T70t7 increased sequentially, indicating that the size of the CNC decreased relatively
with increasing concentration and/or reaction time, further confirming the results of DLS.
In the X-ray diffraction pattern, the extreme values around 22° and 18° represented the
crystalline and amorphous regions in the cellulose, respectively (French 2014; Xing et al.
2018). The peak changes at these two points can show changes in the crystal and
amorphous regions of the CNC. At the peak of 18°, the crystal peaks of P60T70t4,
P70T70t4, and P60T70t7 were weaker than the raw materials, indicating that p-TsOH can
act on the amorphous region, and the amorphous region content of cellulose is decreased.
At 22.4°, the crystal peak intensities of P60T70t4, P70T70t4, and P60T70t7 first increased
and then decreased, indicating that the relative content of the crystallization zone decreased
with vigorous hydrolysis. According to Siegel's empirical method, the crystallinity of the
raw materials and the CNC obtained under the conditions of P60T70t4, P70T70t4, and
P60T70t7 were 78.9%, 89.9%, 90.1%, and 82.6%, respectively. The change in crystallinity
indicated that p-TsOH preferentially acted on the amorphous region under mild reaction
conditions, retaining the crystalline region, and obtaining high crystallinity CNC.
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However, as the reaction time, acid concentration, and temperature were increased, acid
hydrolysis became intense, attacking the crystalline zone, destroying hydrogen bonds, and
producing more disordered domains in the cellulose, resulting in a decrease in crystallinity.
The change in crystallinity is consistent with the literature (Chen et al. 2015; Xing et al.
2018).
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Fig. 7. X-ray diffraction pattern of CNC prepared under different hydrolysis treatments

FTIR Analysis

The infrared spectra of the softwood pulp board and CNC are shown in Fig. 8. The
infrared spectrum of the CNC prepared by hydrolysis did not show new peaks, indicating
that the p-TsOH hydrolysis did not produce any new functional groups. The wavelengths
of several samples mainly appeared in the ranges of 3700 to 2600 cm™ and 800 to 1700
cm. The bands at 3400 cm™, 2900 cm™, 1430 cm™, and 896 cm™ were the characteristic
absorption bands of CNC. This indicated that the internal structure of the CNC did not
change during the preparation process. The bands at 3400 cm™ can be attributed to the free
O-H stretching vibration of the OH group in the cellulose molecule, and the bands at 2900
cm™ and 1430 cm™ can be attributed to the C-H stretching and bending of the CH> group.
The band at 1640 cm™ was attributable to the bending vibration of the OH group of
cellulose, which the presence of this band demonstrates that the cellulose contains adsorbed
water (Yang et al. 2017; Coelho et al. 2018; Xing et al. 2018). The peak at 1430 cm™ was
attributed to the shear vibration of the hydrogen bond between the C-H molecules in the
dehydrated glucopyranose group (Leszczynska et al. 2018). And the peak at 896 cm™ can
be attributed to the B-1,4-glycosidic linkage of the glucose unit in the cellulose (Mandal
and Chakrabarty 2011; Thomas et al. 2015). As shown in Fig. 8, the peak vibration
intensity at 896 cm™ was weakened, indicating that the B-glycosidic bond was broken
during the hydrolysis, and the size of cellulose was decreased. In the FTIR spectrum, the
1430 cm™ and 896 cm™ bands were considered to be crystalline bands and amorphous
bands in cellulose, respectively (Adsul et al. 2012; Yang et al. 2017; Coelho et al. 2018).
The crystallinity of cellulose can be estimated from the two peak intensities. The
crystallinity of cellulose can be calculated not only by XRD, but also by the following
formula (Ciolacu et al. 2011; Adsul et al. 2012),

Wang et al. (2019). “CNC prep. by organic acid,” BioResources 14(4), 9331-9351. 9340



PEER-REVIEWED ARTICLE b | oresources.com

CrR = A1430/Agos (3
A=—logT 4)

where A1430 represents the absorbance at 1430 cm™, Asos represents the absorbance at 896
cm™, and T represents the transmittance.

Intensity (a.u.)

39 36 33 30 27 24 21 18 15 12 9 6
Wavenumber (x10% cm™)

Fig. 8. Infrared spectra of CNC prepared under different hydrolysis conditions

The crystallinity of the raw materials and CNC was calculated to be 95.6%, 97.9%,
and 98.8%, respectively (Various detection methods were used to calculate the difference
in crystallinity, so there was a difference between infrared crystallinity and XRD
crystallinity and value.). The trend is consistent with XRD and the XRD results are
validated on the trend.

Table 2. Peak Intensity of CNC at 1430 cm™ and 896 cm under Different
Conditions

Raw Material P60T70t4 P70T70t4
Transmittance at 1430 cm? (%) 71.0 84.8 91.30
Transmittance at 896 cm1(%) 86.4 93.2 96.5

In natural cellulose, the hydrogen bond strengths of the two forms of cellulose I8
and Ia are different, and the position of the O-H band in the infrared spectrum is also
different, of which 750 cm™ is attributed to cellulose Io. and 710 em™ is attributed to
cellulose I (Akerholm et al. 2004; Fahma et al. 2011; Yu et al. 2013). As shown in Fig.
6, the IP crystal form characteristic peak appeared in the raw material and the CNC: the
OH out-of-plane bending at 710 cm™* (Lu et al. 2010, 2013). After acid hydrolysis, it was
observed that the peak vibration in the range 1200 cm™ to 1000 cm™ was obviously
weakened, among which 1032 cm™ and 1058 cm™ belonged to the C-O-C stretching
vibration in the sugar ring (Coelho et al. 2018), and 1113 cm™ belonged to the glucose
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skeleton vibration. No new functional groups appeared in the spectrogram. It was
speculated that during the hydrolysis reaction, the cellulose chain was opened, but no new
groups were added. The role of the acid here was only to catalyze the hydrolysis. The peaks
at 613 cm™ and 669 cm™ are attributed to the O-H out-of-plane bending vibration,
indicating that intermolecular hydrogen bonds interact with each other, resulting in
aggregation of CNC (Yu et al. 2013), as shown in Figs. 5 and 6.

X-ray Photoelectron Spectroscopy

The surface properties of cellulose have an important influence on the final
properties of the processing and utilization of cellulosic materials (Mitchell et al. 2005).
XPS has become a new characterization tool for CNC, which was used to analyze the
change of cellulose carbon to oxygen ratio and to enable further speculation regarding the
possible changes of cellulose groups during degradation. The XPS spectra of the raw
materials and the CNC prepared under different conditions are shown in Fig. 9. The two
peaks appearing in the XPS spectrum were attributed to the C and O elements in cellulose,
and no sulfur was detected. According to the literature, no esterification occurred on the
surface of CNC prepared by hydrolysis of p-TsOH (Chen et al. 2016). Combined with the
infrared spectrum, no ester peak appeared, from which it can be inferred that the surface of
the CNC was not connected to the sulfonate group. Therefore, the stability of the
suspension of CNC was relatively inferior compared to the introduction of sulfate groups
by the sulfuric acid process. The O/C ratio of the cellulose surface was an important
indicator of cellulose oxidation (Li et al. 2014). As shown in Table 3, the O/C ratio of the
CNC was increased by 0.2% after the hydrolysis, which can consider that the cellulose did
not oxidize during the hydrolysis.

1s )
Cis
iL PTOTTOM

50 240

—
o
N

Intensity (a.u.)

= ’

4
= re
= o

K
2113
o
l‘l B
a B
~

Binding Energy (eV)

(b) Raw material (c) - P70T70t4
—_ 8

—~ S \

S <

m N

~ >

> =

et [%)]

(2] c

c ]

= c

z £
2oz =/ 28 22 290 28 265 284 282
Binding Energy (eV) Binding Energy (eV)

Fig. 9. X-ray energy spectrum of raw materials and CNC prepared under different conditions

Wang et al. (2019). “CNC prep. by organic acid,” BioResources 14(4), 9331-9351. 9342



Weight percent (%)

PEER-REVIEWED ARTICLE b | oresources.com

Table 3. O/C Ratio of Raw Materials and CNC of P70T70t4

. Binding Energy
O/C Ratio
285.0eV (C-C/C-H) 286.6eV (C-0) 288.1ev (O-C-0)
Raw material 0.812 0.19 0.74 0.066
P70T70t4 0.814 0.15 0.80 0.05

The binding energy spectra of the Cls of the raw materials and the CNC were
deconvolved into three Gaussian spectra. The peak positions of these curves were fixed at
285.0 eV, 286.6 eV, and 288.1 eV, representing C-C/C-H, C-0, and O-C-0, respectively
(Johansson et al. 2005; Mitchell et al. 2005; Topalovic et al. 2007). Theoretically, the XPS
spectrum of cellulose exhibits C1s peaks only at a binding energy of 286.6 eV (C-O,
alcohol or ether) and 288.1 eV (O-C-O, diether or carbonyl) with a relative intensity ratio
of 5:1, and the C1s expressed at 285.0 eV (C-C/C-H, aliphatic) binding energy are not
characteristic of cellulose; rather, they may be derived from lignin, fatty acids, or waxes.
(Sapieha et al. 1990; Belgacem et al. 1995; Mitchell et al. 2005; Gray et al. 2010).
According to Table 3, the value of O/C ratio was lower than the theoretical value of pure
cellulose 0.83 (Gray et al. 2010). The ratio of Cls at the binding energy of 285 eV
decreased from 19% to 15% after hydrolysis, indicating that the non-cellulosic material on
the cellulose surface was removed with hydrolysis (p-TsOH can remove lignin efficiently)
(Bian et al. 2017; Chen et al. 2017). The proportion of C1s at the binding energy of 286.6
eV increased, possibly due to acid hydrolysis opening the amorphous region, exposing
more alcoholic hydroxyl groups.

Thermogravimetric Analysis

Results of the thermogravimetric (TG) and derived thermogravimetry (DTG) of
CNC obtained under different preparation conditions are shown in Fig. 10 and Table 4. In
general, cellulose pyrolysis is divided into two stages, which the first stage is the
evaporation of water, the dehydration of cellulose into dehydrogenated cellulose, and the
second stage may be related to cellulose depolymerization (Wang et al. 2007; Moran et al.
2008; Yildirim and Shaler 2017).
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Fig. 10. TG and DTG curves of CNC obtained under the treatment of P50T50t4, P60T70t4, and
P70T70t4
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As shown in the TG curve (Fig. 10a), the free water of the cellulose evaporated near
100 °C, resulting in a small weight loss (about 2.5%) of the CNC. Subsequently, the weight
of the CNC began to decrease obviously at about 300 °C, wherein the initial thermal
degradation temperature of P50T50t4 was 294 °C, the initial thermal degradation
temperature of the CNC of P60T70t4 was 310 °C, and the initial thermal degradation
temperature of P70T70t4 was 303 °C. The change in temperature rate here was due to the
organic matter starting to decompose at this temperature, and the weight loss was about
60% from 300 °C to 370 °C. Finally, the weight loss of cellulose was slow after about 370
°C, and the carbon residue of P50T50t4, P60T70t4, and P70T70t4 was about 18.9%,
19.8%, 19.5%, respectively, when the temperature reached 800 °C. The increase in carbon
residue for the CNC of 70 °C samples in comparison with CNC of 50 °C may be due to
small size and increased number of free end chains (Li et al. 2012). The DTG curve
described the rate of cellulose pyrolysis. The CNC of P50T50t4, P60T70t4, and P70T70t4
reached maximum values at 317 °C, 350 °C, and 331 °C, respectively. Combined with the
TG and DTG curves in Fig. 10(a)(b), it was not difficult to find that the CNC obtained by
the P60T70t4 condition had the best thermal stability. According to the literature data, the
degradation temperature of the CNC obtained by the sulfuric acid method was about 200
°C (Shafizadeh et al. 1976; Roman and Winter 2004). Therefore, the thermal stability of
CNC obtained by hydrolysis of p-TsOH acid was generally better than that of sulfuric acid
method. The reason for this phenomenon may be that the surface of the CNC obtained by
the hydrolysis by sulfuric acid introduced sulfate groups, resulting in more heat exposure
(Kim et al. 2001; Long et al. 2017; Nadir and Stephen 2017), while the CNC obtained by
hydrolysis of p-TsOH did not introduce new groups on the surface. According to the
literature, the introduction of sulfate was the main reason for the low thermal stability
(Roman et al. 2004).

Table 4. Weight Loss and Degradation Temperature of CNC under Different
Hydrolysis

. . Residue
Ta (°C) Residue at Ta T (°C) Residue at Tp Tmax (°C) | at800 °C
(%) (%)
(%)
P50T50t4 112 97.2 294 91.0 317 18.7
P60T70t4 112 93.6 310 90.1 350 19.8
P70T70t4 112 96.4 303 92.2 331 19.6

Note: Tp represents the start of degradation temperature; Tmax represents the maximum
degradation rate.

CONCLUSIONS

1. The cellulose nanocrystals (CNC) with excellent properties were successfully prepared
by hydrolysis of p-toluene sulfonic acid (p-TsOH). It was shown that p-TsOH
hydrolysis is a green and highly efficient preparation method, and p-TsOH can be
recovered by crystallization, and the recovery rate can reach 71.8%.
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2. The CNC were characterized by SEM, TEM, XRD, FTIR, XPS, and TGA. The results
showed that the crystallinity index of the CNC with a high aspect ratio (about 33)
reached 90%. During the hydrolysis process, no esterification reaction occurred on the
surface of the cellulose, and no new groups were introduced on the surface. Therefore,
the thermal stability of the CNC was good, and the degradation temperature was about
310 °C. During the hydrolysis process, the crystal form and internal structure of the
cellulose were not destroyed.

3. The CNC prepared by hydrolysis of p-TsOH does not introduce new functional groups,
and the CNC still has the crystal form and composition of natural cellulose. Therefore,
CNC can be used in the fields of electronic components, composite materials,
reinforcement materials, and medical materials.
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